ABSTRACT A self-aligned fabrication process for top-gate amorphous indium-zinc-oxide (a-IZO) thinfilm transistors (TFTs) is demonstrated. Aluminum (Al) thermal treatment is employed to dope the a-IZO layer and thus form the self-aligned source/drain regions. The results show that the sheet resistance of the Al-treated a-IZO layer can be as low as 360 / . The fabricated top-gate TFTs typically have a mobility of 16.84 cm 2 /V · s, subthreshold swing of 0.14 V/dec and on/off current ratio of > 10 9 . The Al-treated TFTs show a significant scalability and stability enhancement compared to the conventional Ar plasma-treated ones. This enhancement can be attributed to the thin Al 2 O 3 layer formed on source-drain area that blocks the diffusion of hydrogen or H 2 O from the passivation layer into the source-drain and channel regions.
I. INTRODUCTION
Amorphous oxide semiconductor (AOS) thin-film transistors (TFTs) represented by amorphous indium-gallium-zincoxide (a-IGZO) TFTs have attracted considerable attention in recent years for their potential applications in large area electronics because of their intriguing properties, such as high mobility, excellent large area uniformity, and low processing temperature [1] - [4] .
The AOS TFTs have usually been fabricated in the bottom-gate structure, such as the back-channel-etch (BCE) or etch-stop-layer (ESL) structure [5] , [6] . For bottomgate structures, some issues are difficult to address, such as the large parasitic capacitance between the gate and source/drain electrodes and the weak channel length scalability [7] .
In contrast, the top gate (TG) structure is free of the large parasitic capacitance if a self-aligned fabrication process is established. For the TG AOS TFTs, one major technical issue is the formation of the self-aligned source/drain (S/D) regions, which must be highly conductive and stable. To date, a number of methods of forming the self-aligned n+ S/D regions have been proposed, such as H doping [8] , [9] , ion implantation [10] - [13] and H 2 , Ar, or NH 3 plasma treatments [14] - [17] . While these methods are usually able to help reduce the S/D resistance effectively, they are not well controlled [18] . Recently, Sony demonstrated a low resistive metallic S/D region formation technique with a-IGZO and a-ITZO TFTs using the Al reaction method [18] , [19] . It was shown that the sheet resistance of the S/D regions with this method is low and remains stable, even after subsequent thermal processes. Therefore, the use of metal reaction is a promising method to form the self-aligned S/D regions of top-gage AOS TFTs.
In addition, amorphous indium-zinc-oxide (a-IZO) is potentially a high mobility AOS material, and a selfaligned top-gate (SATG) a-IZO TFT process has been demonstrated [4] , in which the low resistance S/D region is formed by the conventional Ar plasma treatment. However, the availability of the metal reaction method with a-IZO TTFs has not been confirmed yet.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. VOLUME 6, 2018 In this work, the Al reaction method with a-IZO TFTs is experimentally studied. A low and stable sheet resistance in source/drain regions is obtained with this method. A new SATG a-IZO TFT process is thus developed. In particular, the metal reaction method allows a-IZO TFTs to achieve a significant improvement in scalability and stability. Fig. 1 shows a cross-sectional view of the fabrication processes for our SATG a-IZO TFTs. The substrates used are two-inch glass wafers. First, a 40-nm-thick a-IZO film was deposited on the substrate by direct current (DC) sputtering using an IZO target (In: Zn = 1: 1 in mol %) at Ar/O 2 gas flow ratio of 40 sccm: 10 sccm. The IZO film is then patterned by wet etching to form the active islands. Following, a 200-nm-thick SiO 2 layer was deposited by plasma enhanced chemical vapor deposition (PECVD) as the gate insulator. Afterwards, a 150-nm-thick layer of molybdenum (Mo) was deposited by DC sputtering as the gate metal. The Mo gate and SiO 2 gate insulator layers were patterned by dry etching using one single photolithographic mask, as shown in Fig. 1(a) . Next, a 3-nm-thick Al layer was deposited by sputtering on the exposed IZO layer in the S/D area, as shown in Fig. 1(b) . Immediately after the deposition, thermal annealing was performed in an oxygen-contained atmosphere for 1.5 hour at 300 • C, as shown in Fig. 1(c) . Afterwards, a 200-nm-thick layer of SiO 2 was deposited at 150 • C by PECVD to form an interlayer dielectric and then patterned to open contact holes for S/D metal electrodes by dry etching. Finally, a 100-nm-thick Mo was deposited by DC sputtering and patterned to form S/D electrodes, as shown in Fig. 1(d) .
II. EXPERIMENT
For comparison, a-IZO TFTs with S/D regions treated by Ar plasma instead of the Al reaction were also fabricated. The Ar plasma treatment was performed immediately after the dry etch of the gate metal and dielectric, as shown in Fig. 1(a) , the treat time is 60 s in this fabrication.
The electrical characteristics of the TFTs were measured with an Agilent B1500 semiconductor parameter analyzer at room temperature in the dark. Fig. 2 shows the sheet resistances of the Al reaction-and Ar plasma-treated a-IZO films versus the post thermal treatment temperatures. The sheet resistances were obtained using Hall Effect Measurement. Before the Al deposition or Ar plasma treatment, the sheet resistance of the a-IZO film is over 10 9 / . As shown, both the Al and Ar plasma treatment enables the a-IZO films to have a low sheet resistance. However, the Al-treated film exhibits a noticeable reduction in the sheet resistance after the post-annealing from room temperature to 300 • C, whereas the Ar plasma-treated one exhibits a sharp increase with raising annealing temperature. This observation is similar to the earlier observation in a-IGZO films [18] . The minimal sheet resistance in this work of the Al-treated film at 200 • C is 360 / , which is lower than that of the a-IGZO films of 995 / [19] . Thus, the availability of the Al treatment for doping the a-IZO is well verified by the observation of a low sheet resistance.
III. RESULTS AND DISCUSSION
It is worth pointing out that the initial sheet resistance of the source/drain region with the 3 nm Al coated is reduced to about 2.5 K / from over 10 9 / before the thermal treatment. The low initial resistance is unlikely caused by the 3 nm Al film itself since the sheet resistance of the 3 nm Al film itself is too high to be measured in our experiments. It is believed the low initial resistance is caused by the Al atoms bombing on the IZO and generates oxygen vacancies at the IZO surface during the sputtering process. The generated oxygen vacancies lead to the initial low resistance. Table 1 lists the major performance parameters of the fabricated SATG TFTs. As shown, the Al-treated TFT shows better electrical performance than the Ar plasmatreated TFT. The saturation mobility (μ sat ), subthreshold swing (SS) and on/off current ratio (I on /I off ) of the Altreated device are 16.84 cm 2 /V · s, 0.14 V/dec and > 10 9 , respectively, which are overall superior to those of the Ar plasma-treated device. the channel length ( L) were extracted by using transmission line method [20] , where L is the difference between the gate length and the effective channel length. The values of R SD · W and L of the Al-treated TFTs are approximately 4 · cm and 0.1 μm, respectively, and those of the Ar plasma-treated TFTs are approximately 50 · cm and 2.5 μm, respectively.
For the Al-treated device, the low resistance of the S/D region is attributed to the indium -oxygen coordination vacancies produced by the reaction of Al with IZO [20] . In addition, the negligibly small L indicates that the source-drain region did not extend into channel region during the subsequent thermal process during the PECVD for passivation layer deposition.
Note that the S/D parasitic resistance of the Ar plasmatreated device is not as high as expected and the on-state characteristics are as good as those of the Al-treated device.
In other words, the Ar plasma-treated S/D region still retains low resistance, even after the thermal deposition of PECVD SiO 2 passivation layer. The low resistance of S/D region is unlikely attributed to the Ar plasma treatment effect and is very likely caused by hydrogen diffusion during the PECVD processing of the SiO 2 layer. The large L in the Ar plasmatreated device suggests a long S/D region extension generated under gate electrode caused by hydrogen further diffusion from the S/D region into the channel region, reducing the effective length of the channel region. In contrast, for the Al-treated device, the L is small enough to be neglected, indicating that the source-drain region does not extend into the channel region. It is inferred that the thin Al 2 O 3 layer generated on the source/drain region blocks the hydrogen diffusion into the S/D region during the PECVD processing of the SiO 2 layer. As shown in Fig. 5 (a) , the Al-treated TFTs retain superior electrical characteristics, even when the gate length L reduces to 1 μm, with no noticeable degradation of subthreshold 682 VOLUME 6, 2018 swing (SS) and variation of threshold voltage observed. This finding suggests that the Al doping method allows the SATG a-IZO TFT an excellent scalability in addition to the formation of a self-aligned and low-resistance source-drain region.
As shown in Fig. 5 (b) , the Ar plasma-treated TFTs exhibit an obvious variation in electrical characteristics with the gate length reduction. In particular, the threshold voltage V TH of devices shows a remarkable lowering with the gate length when it is shorter than 10 μm. The short channel effect should be caused by the diffusion of hydrogen into the channel region, thereby increasing the base electron concentration in the channel and reducing the effective channel length. The equivalent electron concentration increases with the gate length shortening. Fig. 6 shows R SD / R TOT ratio plotted as a function of gate length L at V GS = 30 V for the Al reaction and Ar plasma-treated a-IZO TFTs. It is seen that the ratio for Al reaction-treated TFTs is much smaller than the Ar plasma treated ones when the L gets shorter and shorter. The ratio for the Al reaction-treated device with L = 1 μm is calculated to be about 12.85%. In other words, the Al reaction method is good for short channel oxide TFTs.
Finally, we investigate the stability of the fabricated a-IZO TFTs under electrical bias stress. Fig. 7 shows the evolutions of transfer characteristics of the fabricated IZO TFTs under positive bias stress (PBS) and negative bias stress (NBS) stress, with (a) and (b) for the Al treated devices, (c) and (d) for the Ar plasma treated ones. The gate bias voltages, V GS-stress for the PBS and NBS were 30 V and − 30 V and the source and drain electrodes are grounded for both, and (e) threshold voltage shift ( V TH ) versus stress time for both TFTs. The Al treated TFTs exhibit a V TH shift of 0.05 V under the one-hour PBS and − 0.04 V under the one-hour NBS, with nearly unchanged SS characteristics. On the other hand, the Ar plasma treated TFTs exhibit a V TH shift of 0.18 V under the one-hour PBS and − 0.14 V under the one-hour NBS. It has been known well that the stability of oxide TFTs is usually affected by the hydrogen impurities in the channel region and the water molecules adsorption at the channel interface [21] , [22] . The stability improvement in the Al-treated devices can also be attributed to the thin Al 2 O 3 layer formed on source-drain area that blocks the diffusion of hydrogen or H 2 O from the passivation layer into the source-drain and channel regions.
IV. CONCLUSION
To develop a self-aligned top-gate a-IZO TFT fabrication process, a technique featuring a thin Al layer deposition and subsequent annealing was applied to form low resistance S/D regions. A low sheet resistance of 360 / was achieved in the Al-treated a-IZO layer. The availability of this technique was thus verified well. In addition, the Al-treated TFTs showed better electrical performances than the Ar plasma-treated ones, including the higher mobility, steeper subthreshold swing and larger on/off current ratio. One more important observation is the excellent scalability and stability with the Al-treated SATG device. This excellent scalability and stability were ascribed to the thin Al 2 O 3 layer generated on the source/drain region, which blocks the hydrogen or H 2 O diffusion into the source-drain or channel regions.
